Slurry aluminide coatings with newly-developed composition have been produced on Mo-base alloy TZM (Mo -0.5 Ti -0.1 Zr -0.02 C) in an argon atmosphere. The slurry composition was: powder of silicon, halide salts as an activator and a water solution of a soluble glass as an inorganic binder. The coatings were produced at temperatures from 900 to 1200°C and times from 2 to 10 hours. The microstructure, chemical composition using energy-dispersive X-ray spectroscopy (EDS) and phase composition by X-ray diffraction (XRD) of the coatings were determined and the correlation between the technological parameters and the coating thickness was analyzed.
INTRODUCTION
Molybdenum base refractory alloys are potential candidate materials for a new generation high temperature nuclear reactors. TZM alloy (Titanium Zirconium Molybdenum) is one of the promising materials for aerospace applications, high temperature compact and fusion reactors. Its sublimation is fairly low, even at temperature higher than 1700°C in vacuum or inert atmosphere. The TZM alloy offers several attributes for high temperature structural applications including high melting point (>2600°C), high creep strength at elevated temperature, good corrosion compatibility with many molten metals and alloys. However, this alloy is easily oxidized when subjected to hot working even at 540°C in the oxidizing environment. The TZM alloy in air forms non-protective and volatile MoO 3 oxides on the alloy surface. These oxides evaporate at 790°C. In consequence, the TZM alloy loses its material integrity due to catastrophic mass loss. Properties of the alloy are not relevant under these conditions [1] .
The resistance to corrosion and oxidation of TZM alloy can be improved by adding the appropriate amount of silicon and obtaining a thin passive layer of oxide on MoSi 2 . Oxidation resistance of MoSi 2 is derived from the formation of an adherent and continuous SiO 2 film on its surface. Molybdenum disilicide has long been known as an attractive coating material for the protection of Mo and Mo-based alloys used in an oxidizing atmosphere at high temperature [2] . Methods for silicide coating have been studied for a long time, such as vacuum deposition, chemical vapour deposition, solid reaction with silicon powder, the pack-cementation method or the slurry cementation method [3] .
EXPERIMENTAL PROCEDURES
Manufacturing of protective layers was conducted with the slurry method on TZM alloy containing approximately (wt %): 0.5% Ti, 0.1% Zr, 0.02% C, the balance is Mo. The slurry was prepared taking powdered silicon, an organic binder and an activator. The samples were several times immersed in the slurry and subsequently dried until the slurry mass on the sample's surface achieved 0.3 g/cm 2 . The parameters of annealing (Tab. 1), silicon powder particle size and the chemical composition of the mixture were determined experimentally. The samples covered with the slurry were being heated in argon atmosphere.
Metallographic sample preparations of the cross-sections of all coatings were carried out according to standard methods. All samples were examined using scanning electron microscopy (SEM) Hitachi SU-70 with X-ray microanalysis EDS Thermo Scientific NORAN System 7, acceleration voltage 20 kV. XRD analysis was conducted using Panalytical X'Pert-PRO X-ray diffractometer and CuKα radiation.
RESULTS AND DISCUSSION
The microscopic observations proved that there are no essential differences in the microstructure of obtained coatings. The coatings consist of two major zones (an internal zone (1) and an external zone (2)). The external (2) zone is in the majority of total thickness in all cases of obtained coatings. The typical microstructure is shown in Figure 1 , and it presents silicon coatings on TZM alloy obtained at 900, 1000 and 1200°C in 4 and 10 hours. The structure of these coatings was continuous.
An additional internal zone (number 0) between the substrate and the first zone was observed at coatings obtained at 1200°C. There is a strong possibility that zone 0 is found in the others [4] , but it is difficult to observe because its thickness as well as requirement of particular preparatory procedures to identify its existence. The zone No. 0 located at closest vicinity to the substrate is shown in Figure 2 . This figure clearly demonstrate the difference in the chemical composition of individual zones and with high probability we can say that in coatings creates a zone 0 containing a different phase that in the zone 1 and in the substrate. The thickness of that zone of coatings manufactured at 1200°C is approximately 250÷600 nm (it is increased over time).
In the slurry cementation process, the thickness of the obtained coatings is insignificantly increased over time at the same temperature. The results of thickness measurements are shown in Table  1 . The samples manufactured at temperature of 900°C for 2 and 4 hours had the lowest thickness of the first zone (~500 nm). The coating obtained at the lowest temperature (900°C) and in the shortest time (2 hours) had the lowest total thickness (7.1 µm). The first sample was being annealed at temperature of 900°C for 2 hours and for the subsequent sample the time of the annealing was elongated to 4 hours, what caused increase of the coating's thickness of approximately 2.5 µm.
There was no significant change in coatings thickness after 6 and 10 hours of annealing (Fig. 3 ). An increase of temperature of a process (1000°C) performed for the same time caused significant change in total thickness as well as thickness of zones 1 and 2 compared to lower processing temperature. The largest thickness of the internal zone (8.6 µm) as well as total thickness (51 µm) was obtained on sample No. 10 which was being annealed at 1200°C for 10 hours. There was a clear trend of significant growth in thickness with temperature increasing, but the thickness increased only slightly with time at each temperature of the coatings manufacturing. It could be due to the faster rate dissociation of Si at higher temperature, what could lead to the deposition of much more of Si on substrate surface. The volume of coating is probably determined at the initial stage of the coating process. Over time change only the thickness of particular coatings' zones, what evinces their transformation, but not extension.
In Figure 4 the distribution of chemical elements at cross-section of Si coating obtained at 900°C in 4 hours is shown. The distribution of particular elements in zones 1 and 2 is uniform. The element content profiles of Ti, Zr, Mo and Si are presented in Figure 5 .
In Figure 6 and Table 2 the microstructure of coating obtained at 900°C in 10 hours along with its results of EDS point analysis are presented. According to this analysis, the content of Si was in the majority in zone 2 (approximately 66 at. %). However, zone 1 contained mainly Mo (more than 60 at. %). Observed differences in chemical composition of zones 1 and 2 indicated, that the phase composition of those zones was different as well.
In Figure 7 the results of XRD phase analysis are presented. That analysis was performed on all samples, however, in this paper only the representative XRD patterns are presented. XRD pattern acquired from the surface of the coating (zone 2) is shown in Figure 7a .
The result of the phase analysis combined with the results of EDS analyses at the points indicated, that the zone 2 was mainly composed of MoSi 2 (Fig. 7a) . To allow XRD phase analysis at deeper located layers, consecutive layers of the coating material were removed by grinding.
The results of XRD analysis performed on parallel section (Fig. 7b) That phenomenon is explained by difficulty with nucleation of Mo 3 Si at temperature below 1200°C [7] . On the other hand, other researchers deny this theory and prove their point of view in the papers, where they show the results of their studies, namely the triple zones coating contained all of phases from Mo-Si phase diagram obtained at temperature below 1200°C [5, 6] . The coatings produced at 1200°C (Fig. 2) were composed of three zones, so it is possible to form the Mo 3 Si phase at that temperature, what is consistent with the literature [5÷7]. However, the formation of Mo 3 Si at lower temperature had to be confirmed. Therefore, more detailed microscopic observations were performed. Figure 8 presents the microstructure (compositional contrast) of the coating produced at temperature of 900°C at two hours. An additional thin (100÷150 nm) zone located between the zone 1 and the substrate was observed.
SUMMARY
The results of analysis indicated the possibility of production of Si coatings on molybdenum alloy by the slurry method in argon atmosphere. The resulting coatings were characterized by a triple zones structure. The coating thickness depended on the annealing parameters. Both an increase of the temperature and time of annealing increased the coating thickness, but the time effect is rather insignificant. The silicide coatings were consisted mainly of the MoSi 2 phase which was located in the outer zone (2) . Furthermore, Mo 5 Si 3 and Mo 3 Si phases were observed.
The presence of the MoSi 2 phase is the most important for the protective properties in an oxidizing atmosphere [8] . That is because an adherent and continuous SiO 2 film is formed on coated surface during oxidation. It is important from the economic point of view that it is possible to produce coatings at 900°C.
